ABSTRACT KPD 1930+2752 is a short-period pulsating subdwarf B (sdB) star. It is also an ellipsoidal variable with a known binary period just over two hours. The companion is most likely a white dwarf and the total mass of the system is close to the Chandresakhar limit. In this paper we report the results of Whole Earth Telescope (WET) photometric observations during 2003 and a smaller multisite campaign from 2002. From 355 hours of WET data, we detect 68 pulsation frequencies and suggest an additional 13 frequencies within a crowded and complex temporal spectrum between 3065 and 6343 µHz (periods between 326 and 157 s). We examine pulsation properties including phase and amplitude stability in an attempt to understand the nature of the pulsation mechanism. We examine a stochastic mechanism by comparing amplitude variations with simulated stochastic data. We also use the binary nature of KPD 1930+2752 for identifying pulsation modes via multiplet structure and a tidally-induced pulsation geometry. Our results indicate a complicated pulsation structure that includes shortperiod (≈ 16 h) amplitude variability, rotationally split modes, tidally-induced modes, and some pulsations which are geometrically limited on the sdB star.
INTRODUCTION
Subdwarf B (sdB) stars are thought to have masses about 0.5M⊙ with thin (< 10 −2 M⊙) hydrogen shells and temperatures from 22 000 to 40 000 K (Heber 1984; Saffer et al. 1994) . Shell hydrogen burning cannot be supported by such thin envelopes and it is likely they proceed directly to the white dwarf cooling track without reaching the asymptotic giant branch (Saffer et al. 1994) .
Pulsating sdB stars with periods of a few minutes (officially V361 Hya, and also known as EC 14026 or sdBV stars) were first observed by Kilkenny et al. (1997) ; nearly simultaneous to their predicted existence by Charpinet et al. (1996 Charpinet et al. ( , 1997 . The sdBV stars have pulsation periods ranging from 90 to 600 seconds with amplitudes typically near or below 1%. The pulsations are likely p−modes driven by the κ mechanism due to a diffusive iron-group opacity bump in the envelope (Charpinet et al. 1997 , Jeffery & Saio 2007 . Subdwarf B pulsators are typically found among the hotter sdB stars, with T eff ≈34 000 K and log g ≈ 5.8. Reviews of this pulsation class include Reed et al. (2007a) for an observational review of 23 resolved class members and Charpinet et al. (2001) for a description of the pulsation mechanism. Another class of pulsating sdB stars have periods longer then 45 minutes, are likely g−mode pulsations and are designated V1093 Her, but commonly known as PG 1716 stars (Green et al. 2003; Reed et al. 2004a) . General reviews of sdB stars and pulsators are Heber (2009) and Østensen (2009) . Our target is a p-mode, sdBV-type pulsator.
KPD 1930+2752 (also V2214 Cyg and hereafter KPD 1930) was discovered to be a variable by Billéres et al. (2000; hereafter B00) , who obtained data during four nights within one week. Their longest run was five hours, yet within this limited data set, they detected 45 separate frequencies, which indicates that KPD 1930 is an interesting and complex pulsator. A velocity study confirmed the 2 h 17 m binary period and, using the canonical sdB mass of 0.5 M⊙, determined the companion mass to be 0.97 ± 0.01M⊙ (Maxted, Marsh, & North 2000) . As the companion is not observed either photometrically or spectroscopically, it is likely a white dwarf, placing the mass of the system over the Chandrasekhar limit. A study by Ergma, Fedorova, & Yungelson (2001) suggested that the binary will shed sufficient mass to avoid a type Ia supernova and will merge to form a massive white dwarf. With a rich, unresolved pulsation spectrum and the opportunity to learn some very interesting physics via asteroseismology, KPD 1930 was chosen for observation by the Whole Earth Telescope (WET). KPD 1930 also has an infrared companion ≈ 0.5" away (Østensen, Heber, Maxted 2005) . Table 1 . Overall, these data have an observational dutycycle of 36% which is less than typical WET campaigns. Because of the crowded field, most of the data were obtained with CCD photometers, but some data were obtained with photoelectric (PMT) photometers. The photoelectric data were reduced in the usual manner as described by Kleinman, Nather, & Phillips (1996) . The standard procedures of CCD image reduction, including bias subtraction, dark correction and flat field correction, were followed using IRAF packages. Differential intensities were determined via aperture photometry with the aperture optimized for each individual run with varying numbers of comparison stars depending on the field of view. We will also examine a small multisite campaign that obtained data during July, 2002. In total, almost 45 hours of data were obtained from McDonald (the 2.1 m Otto Struve Telescope), San Pedro-Martir (1.5 m) and Suhora (0.6 m) observatories. Specifics of these runs are in Table 2 .
As sdB stars are substantially hotter than typical field stars, differential light curves are not flat due to atmospheric reddening. A low-order polynomial was fit to remove nightly trends from the data. Finally, the lightcurves were normalized by their average flux and centered around zero so the reported differential intensities are ∆I = (I/ I ) − 1. Amplitudes are given as milli-modulation amplitudes (mma), with 10 mma corresponding to 1.0% or 9.2 millimagnitudes.
ANALYSIS

Orbital Parameters
The largest variation in the lightcurve is caused by an ellipsoidal variation of the sdB star. In removing this variation to examine the pulsations, we can deduce some of the orbital properties. We defer attempting a complete binary solution to Geier et al. (2007; hereafter G07) . G07 had 2900 spectroscopic data points unevenly scattered throughout four years while we have 36% coverage during 26 days in 2003 and ∼ 45 hours spanning 7 days in 2002. As the epochs of our data overlap, period change can be ruled out and it is most likely that one (or both) of us are underestimating our errors. Figure 2 shows modified XCov 23 data folded over the binary period. The pulsations make the lightcurve very broad and it even appears that a pulsation frequency is an integer multiple of the binary period. However that is not the case, but rather there are many pulsation frequencies between 33 and 34 times the orbital frequency (see §3.2). To transform the broad pulsation-included lightcurve into a narrower, prewhitened form, we used our best data (Group II), prewhitened by all 61 pulsation frequencies. Then we phase-folded the data over the orbital period, did a 60-point (≈ 11.5 s) smoothing, and fitted an additional three frequencies. We then prewhitened these three frequencies from the original, non-phase folded data, phase folded again, and smoothed by 60 (≈ 11.5 s), 168 (≈ 30 s), and 335 (≈ 60 s) points. The differently smoothed data did not affect the maxima and minima of the orbital variations, and so we used the 335-point smoothed data, shown as a line in Fig. 2 , to examine the ellipsoidal variations. Using radial velocity data, G07 estimate the orbital inclination as i ∼ 80 o . At that inclination, the white dwarf companion should eclipse the sdB star. An eclipse is shown for i = 80 o in Fig. 8 of G07 and using the orbital parameters of G07, we produced a simulated lightcurve with Binary Maker 3 ‡ . Our simulation was not intended to fit the actual data, but rather to illustrate the eclipse shape. From the simulation, the eclipse duration would be ≈ 164 s, or nearly three of our binned data points (at a binning of 335 points) with a depth of 0.2%. While the observed minima are uneven, the shape and depth do not match that of an eclipse. We can therefore rule out inclinations for which an eclipse should occur; namely i ≥ 78.5 o , based on G07. The uneven minima indicates what would be expected based on the tidal distortion (gravity darkening). The gravity of the white dwarf makes the sdB star very slightly egg-shaped. When the marginally pointier end is facing us, the line-of-sight angle does not go as deep at one optical depth as it does when the blunter end is facing us. This produces a fainter minimum when the sdB is furthest from us and we view the slightly pointier end. A vastly exaggerated schematic of this is shown in Fig. 4 (a reconstructed image based on Fig. 2 of Veen et al. 2002) . We fitted regions spanning 0.2 in phase with Gaussians to determine each maximum and minimum. The minimum at φ = 0.5 is 0.18 ± 0.03% fainter than the other one and using detailed models, this information, along with the amplitude of the ellipsoidal variation should be sufficient to constrain the shape and limb darkening of KPD 1930. The uneven minima allows us to define closest approach of the sdB star, and like Maxted et al. (2000) , we define that as the zero-point of the orbital phase.
The lightcurve maxima are also not quite even. Using the same Gaussian fitting technique, the maximum at φ orb = 0.75, which is when the sdB component is traveling towards us, is 0.06±0.05% brighter then at 1.25, when the star is traveling away from us. Doppler boosting and Doppler shifting affects the flux by a factor of (1 − v(t)/c) (G07; Maxted et al. 2000) which, using K1 from G07, should result in a Doppler brightening semi-amplitude of 0.11%. This is at the 1σ upper-limit of our measurement. Instead of using the measured velocity to deduce flux differences in maxima, two of us (SDK and HP) attempted to constrain the velocity from the lightcurve itself. Using low-pass filtering of the light curve, we obtained approximate values for the flux increase and converted that to velocity. The estimate of the maximum radial velocity is 529.76 ± 16 km/s which is the same order as the radial velocity measurements of G07. The error estimate is the error of the fit to the light curve and does not include the (large) systematic error of the spectrum estimate. More on this measurement and its effects on the binary will be discussed in a future paper (Pablo et al. in preparation) . So Doppler effects could be responsible for the difference in maxima. Interestingly, such special-relativistic effects have been detected in another sdB binary at the expected level (Bloemen et al., in press ). 
Pulsation analysis
In a standard manner for long time-series data (i.e. Kilkenny et al. 1999; Reed et al. 2004b Reed et al. , 2007b , we analyzed the data in several different groupings. We can use these groups to examine frequency and amplitude stability, look for consistent frequencies, and amplitude variations. The groups are provided in Table 3 and pertinent sections of their temporal spectra (Fourier transforms; FTs) are shown in Figs. 5 and 6. Table 3 also lists the temporal resolution (defined as 1/t where t is the run duration) and the 4σ detection limit determined for the range from 1 000 -3 000 and 8 000 -10 000 µHz. Group I data includes all of the XCov 23 data. Group II excludes noisy data, which is defined as a 4σ limit above 2 mma, and has been trimmed so that for any overlapping data, only the best quality data were kept. Groups III, IV, and V contain data obtained over 4 or 5 days of relatively good coverage during three different weeks of the 2003 campaign. Group VI is the 2002 small multisite campaign. Figure insets show the window functions, which are a single sine wave temporally sampled as the actual data. The central peak is the input frequency while other peaks are aliases which can complicate the data. Groups I and II are relatively well-sampled, with alias peaks less then 40% of the input amplitude whereas the remaining groups have obvious aliases that will contribute to the overall noise of the data.
A glance at the figures provides two simple observations: i) KPD 1930 is multiperiodic, pulsating in several tens of modes, confirming what was found in the discovery data (B00). ii) The pulsation frequencies are short-lived. This is evident in that the highest-amplitude peaks change between the shortest data sets (Groups III through VI) and the groups with the longest data sets (I and II) have the lowest amplitudes.
As peak amplitudes in FTs show a mixture of the median amplitude and effects of phase stability, prewhitening of the combined data sets could not be expected to accurately remove variations in amplitudes and/or phases (see Koen 2009 and Reed et al. 2007a ). However, because of the frequency density shorter duration data sets would likely have unresolved frequencies. This does not mean that least-squares fitting and prewhitening are not of use, just that they need to be used with caution. We did the usual method of simultaneously fitting and prewhitening the data using non-linear least-squares (NLLS) software independently for all the groups in Table 3 until we could not discern peaks (as in Fig. 7 ). However, because of the rich pulsation spectrum we added an additional step. When searching the FT for pulsation peaks, we also plotted a window function made from the prewhitening information gathered for all fitted frequencies. In this manner, we could view cumulative windowing effects and better judge the impact of prewhitening on the FT. (A prewhitening sequence of Group IV's data is provided as Fig. 1 in on-line supporting materials.)
Frequencies were deemed intrinsic to the star if they were detected in at least two Groups above the 4σ detection limits. Table 4 provides a list of detected pulsation frequencies. The first column lists a designation, the second gives the frequency from the highest temporal-resolution Group and the NLLS error in parentheses. Subsequent columns list the fitted amplitude from each group (NLLS error in parentheses) along with any pertinent notes: NF indicates that the frequency was not NLLS fitted; and frequencies fitted, but off by a daily aliases are noted as + or − for one daily alias away or ++ or −− for two daily aliases away. The last column notes other frequencies that are within 1 µHz of the daily alias as this could make prewhitening difficult, depending on the window function. Table 5 lists other frequencies that we suspect are intrinsic to the star, but did not meet our requirements. Figure 7 is an expanded FT for Group II's data. Each two-panel section shows the original FT and the residuals after prewhitening. The dashed (blue) line is the 4σ detection limit. There are regions where the residuals remain higher then the 4σ detection limit because either NLLS fitting and prewhitening did not effectively remove all of the Figure 5 . Plot of the temporal spectra and window functions (inset) for the groupings of data in Table 3 for the frequency range of 3600 to 4250 µHz. Dashed lines are the 4σ detection limit.
c 2008 RAS, MNRAS 000, 2-?? amplitude (most likely caused by amplitude and/or phase variations or another, unresolved frequency) or because remaining peaks were not observable in the original FT.
The frequency content
In total, we detected 68 independent pulsation frequencies and 13 suspected ones. Here we summarize some generalities which will be used in subsequent sections. Only three frequencies are detected in all six data Groups while f 2 nearly is. Six other frequencies are detected in five data Groups and 13 are detected in four data Groups. 38 frequencies are within a 650 µHz region between 3650 and 4300 µHz. Unlike most sdBV stars, which contain several frequencies above 3 mma, KPD 1930 does not have any in the integrated data (Groups I and II). Only f 17 has an amplitude > 2 mma in all detections, though it is only detected in four Groups. 11 of the 68 frequencies have Group I amplitudes > 1 mma and these always have higher amplitudes in the shorter data sets (Groups III through VI), if detected. These simple observations again lead to the conclusion that pulsations of KPD 1930 are highly variable in amplitude and/or phase over the course of our observations. Combine that with the density in the main region of pulsations and accurate deciphering of the temporal spectrum will be difficult. Additionally, the pulsations in uncrowded regions have low amplitudes which will make them difficult to detect in short data sets. Table 4 . Frequencies and amplitudes detected in various groupings of data. The temporal resolution of 1/(run length) and the 4σ detection limit are provided in the first two rows. Frequencies are in µHz and amplitudes in mma with NLLS fitting errors on the last digits in parentheses. The last column indicates other frequencies that are within 1 µHz of the daily alias. Notes: + indicates that the frequency fit using NLLS was 1 daily alias (11.5µHz) larger than that listed. Likewise, ++, -, and −− indicate frequencies that are plus 2 daily, minus 1 daily, and minus 2 daily aliases from that listed, respectively. ≈ indicates frequencies were slightly more than 1σ away from that shown, < 4σ indicates frequencies that had power in the FT which was below the 4σ detection limit, NF indicates frequencies above the 4σ limit that could not be fit using our NLLS program. † indicates unresolved frequencies. Amplitudes of unresolved frequencies do not reflect the intrinsic amplitudes of each frequency. ⋄ indicates frequencies that match B00 while ⋆ indicates those that are a daily alias away. 
Group
DISCUSSION
Comparison with the discovery data
By combining their four nights of data, B00 obtained a resolution of 1.89 µHz and their estimate of a mean noise level is 0.021%, giving their data a 4σ detection limit of 0.84 mma. By comparison, our XCov 23 data have 4.2 × better resolution and our detection limit is about half. Frequencies that match those of B00 are marked with a ⋄ in Tables 4 and 5 while those that are a daily alias away are marked with a ⋆ . 26 of our 81 frequencies are related to the 44 listed in B00. Of the eight frequencies listed in B00 with amplitudes greater than 2 mma, seven are detected in our data. For comparison, there are 21 frequencies which we have detected in at least five of our Groups or have amplitudes > 1 mma in at least two groups (one of which must be Group I or II), and of these, eight are related to frequencies detected in B00. This also indicates a substantial amount of amplitude and/or phase change since the B00 observations.
Amplitude and phase stability
KPD 1930 shows characteristics similar to the sdBV star PG 0048+091 (Reed et al. 2007b) , which has pulsation properties normally associated with stochastic oscillations. These properties include frequencies that are inconsistent between data sets and lower amplitudes in longer duration data. Of the 69 frequencies in Table 4 , only f 10, f 11, and f 24 are detected in all six Groups of data, while f 2 is detected in five groups, with a peak just below 4σ in the sixth. Six more frequencies are detected and fitted in five of the six groups. Unfortunately, unlike PG 0048+091's well-spaced frequencies, most of those in KPD 1930 are packed tightly between 3600 and 4200 µHz. Outside of this main region of power, the amplitudes are quite low, making detection difficult.
Despite these complications, we analyzed data sets of varying length with the goal of reaching timescales shorter than the timescale of amplitude and/or phase variations. Such data would be free of the resultant complications, allowing the amplitudes and phases to be more accurately measured. These could then be examined over the duration of our observations for changes. For the shortest possible time scale, we examined every individual run for which the 4σ detection limit was better then 2.0 mma; totaling 32 runs. We also created 13 daily data sets combining low-noise runs that were contiguous, or nearly so. The lengths of the daily data ranged from 7 to 27 hours, with a median value of 16.5 hours. Including the data for Groups III, IV, and V, we have data sets sampling time scales near 0.25, 0.67, and 4 days.
To resolve frequencies from individual runs and daily data sets, we selected frequencies from Table 4 that were isolated by at least 30 µHz which included f 1 through f 6, f 44, f 45, f 48, f 58 through f 61, f 67 and f 68. We then attempted to fit amplitudes and phases for each of the frequencies for all of the data subsets. As expected, most of the fits failed as the pulsation amplitudes were well below the detection limits. Only for five frequencies were we able to fit phases and amplitudes to some of the shorter data sets. From the 48 data subsets, we fit 52 of a possible 480 phases and amplitudes for the five frequencies. Phases are determined as the time of first maximum amplitude after BJD=2452871.5 and converted to fractional phases by dividing by the period. In this manner, an error of 0.1 represents a 10% change in phase. The fractional phases and amplitudes are shown in Figs. 8 and 9 (and provided in tabular form in the on-line supporting materials). Horizontal bars indicate the time span of the data for the daily and Group sets. Note that some of the amplitudes are just below the 4σ detection limit. We include them because the peaks were fairly obvious in the FT and since the frequency is known, a lower detection limit is not unreasonable. Table 6 examines the amplitude and phase properties organized by time domain. While f 1 is not detected in any individual runs, the phase is stable to within the errorbars. f 2 shows deviations of 12% and f 44, f 60, and f 67 have deviations all near 18%. Phase errors for individual measurements are under 10% (except for one) with an average of 5.0%. Phase variations are provided in Table 6 labeled as σ φ (%). While the deviations appear similar for f 44, f 60, and f 67, f 44 has one discrepant value while f 60, and f 67 appear phase variable, particularly from the individual runs (black circles in Fig 8) . However none of the phases appear randomly distributed nor do they appear bimodal, which would be an indicator of unresolved frequencies.
The amplitudes show a larger variety. f 1 and f 2 are the most stable (the smallest σA/ A ), but the amplitudes for f 1 are so small that it is not detected in any individual runs and only three of 13 daily runs. As such, it is clear that the number of detections will significantly affect amplitude stability as smaller, and therefore more deviant amplitudes will not have been measured. For these five frequencies, none are detected more than 30% of the time. Therefore our measure of amplitude variability, σA/ A should be considered a lower limit. Likewise, the variations for f 44, f 60 and f 67 must be higher then what we report as they have some relatively high amplitudes yet are not detected in all runs. For the amplitudes, temporally nearby runs can have different amplitudes and consistently, longer time domains have lower amplitudes. As these frequencies are reasonably separated from others for all of the timescales considered and their amplitudes do not appear bimodal, it is unlikely that beating plays a role in the amplitude variations. They are most likely intrinsic to the pulsations. The original goal of this subsection was to determine the timescale of phase and amplitude variations. Indicators of that timescale are the standard deviations, the ratios between the average and maximum amplitudes, and comparing these between the sets. For example, if the timescale of variation is longer then a day, then the average and maximum values of the daily runs and the individual ones should be similar and should have A /Amax near one. For f 2, the average daily amplitude is slightly larger then that for the individual runs while that for the group sets is significantly smaller. This indicates that the timescale for amplitude variations is near to or longer than 16 hours but shorter than 72 hours.
Stochastic properties
An indicator for stochastic pulsations in solar-like oscillators is a σA/ A ratio near 0.52 (Christensen-Dalsgaard et al. 2001) . Pereira & Lopes (2005) also derived this ratio and were the first to apply it in testing whether pulsating sdB stars could be stochastically excited. Their results for the pulsating sdB star PG 1605+072, based on seven nights of data, indicated that those pulsations were driven rather than stochastically excited. The ratios for f 60 and f 67 are near to this value. However in solar-like oscillators the amplitude decay timescale is long compared to the re-excitation timescale, and so this ratio may Table 7 . Pulsation frequencies split by a multiple of the rotation/orbital frequency. The pulsation frequencies refer to those in Tables 4  and 5 . The frequencies are in ascending order and the number in parentheses indicates the multiple of the orbital frequency between itself and the previously listed frequency. Column 1 lists the minimum degree for the multiplet using the classical interpretation. not be a good indicator for sdBV stars. Other features that could indicate stochastic oscillations include significant amplitude variability, amplitudes that are reduced in longer-duration data sets (caused by phase variations), and matches with simulated stochastic data. Just like for PG 0048+091, we produced Monte-Carlo simulations for stochastic oscillations with varying decay and reexcitation timescales appropriate for the various data sets and groups we have for KPD 1930. As there are many amplitude ratios to work with from Table 6 , it was hoped that tight constraints for amplitude variations could be deduced by matching the simulations with the observations. However, such was not the case and the best we could do was produce loose timescales. The best results for f 1 indicate short amplitude decay timescales (four to six hours) and long re-excitation timescales (20 to 30 hours); those for f 2 indicate medium decay timescales (nine to 15 hours) and medium to long re-excitation timescales (12 to 27 hours); those for f 44 indicate short decay timescales (four to nine hours) and medium re-excitation timescales (eight to 16 hours); those for f 60 indicate short to medium decay timescales (four to 15 hours) and long re-excitation timescales (25 to 40 hours); and those for f 67 indicate short to medium decay timescales (four to 20 hours) and long re-excitation timescales (15 to 28 hours). The resultant timescales are fairly consistent in that the decays are always short compared to the re-excitations, but they are not nearly as clear as for PG 0048+091, certainly owing to the complexity of KPD 1930's pulsation spectrum. However, the pulsation phases do not appear randomly distributed, as would be expected for stochastic oscillations. So we are left with some indications that stochastic processes may be present, and some contrary information against stochastic oscillations. From these data, we cannot discern between them.
Observed multiplets
From the ellipsoidal variations in KPD 1930, we can strongly infer it to be tidally locked, which means we also know the rotation period. In standard spherical harmonics, each ℓ can produce 2ℓ + 1 m azimuthal values separated by the orbital frequency and the Ledoux constant (which is very small for p−modes in sdB stars)., we can search for multiplets to impose observational constraints on the mode degrees (ℓ). Table 7 lists multiplets detected to splittings of four times the orbital frequency of 121.7 µHz.As there are many pulsation frequencies related by a multiple of the rotation/orbital frequency, the order of the frequencies is the same as in Table 4 with the numbers in parentheses indicating the multiple of the rotation/orbital frequency between it and the previous (smaller) frequency. The leftmost frequency is just the lowest for each multiplet but has no significance otherwise.
Classical interpretation
In total, 61 of our 81 frequencies are related by a multiple of the rotation/orbital frequency. In a classical asteroseismological interpretation, we would assume the spin axis is aligned with the orbital axis and the stars are tidally locked. As such, we are viewing the spin axis close to equator-on, or an inclination near 80 o and the multiplets are caused by stellar rotation. As each degree can have 2ℓ + 1 azimuthal orders, m, the number of orbital splittings provides a minimum ℓ value and constrains where the m = 0 is. For example, the f 1, f 2, f 3 triplet is best interpreted as an ℓ = 1 triplet with m = 0 at f 2. The multiplet beginning with f 4 has sufficient frequencies to warrant an ℓ = 3 interpretation. However, ℓ = 3 modes have low amplitudes caused by geometric cancellation, making such an interpretation unlikely. More feasible is that there are two ℓ = 1 multiplets with their outside components at a chance separation of nearly 2f orb . Column 1 of Table 7 gives the minimum ℓ degree based on the number of orbital splittings. For entries with multiple possibilities, the most likely is given first. (On-line supporting material includes a color-coded figure showing the multiplets and a figure showing just the m = components with their corresponding degree.)
We can also use the pulsation amplitudes to place some constraints on the modal degrees. Using Groups I and II as a guide, all of the amplitudes are within a factor of 7 of each other, while most are within a factor of 4. Table 8 lists the geometric cancellation factors for azimuthal orders ℓ, m = 1, 0 through 4, 4 for rotation axes of ir = 70 and 80 o . These factors indicate how much a pulsation amplitude would be reduced relative to a radial mode, which suffers no geometric cancellation. As column 2 indicates, for the classical interpretation, all of the ℓ ≤ 2 modes have amplitudes reduced by factors less than 5 to 8, depending on orientation. This is roughly in agreement with the observed amplitude range. By contrast, all ℓ ≥ 3 modes have amplitudes reduced by factors ≥ 20 (except for ℓ, m = 4, |1| depending on viewing angle). Since we don't observe this range of amplitudes in KPD 1930, it is unlikely that these multiplets are being observed.
Ignoring high-degree modes, there remains multiplets as evidence of 12 ℓ = 1 and four ℓ = 2 modes. There are also 20 frequencies which show no relations to other frequencies via an orbital overtone. These are all candidates for radial modes. As there is no geometric cancellation for radial modes, they would be expected to have some of the higher amplitudes. f 16, f 18, f 19, and f 20 all have amplitudes greater than 1 mma for all of their detections. Yet none of these have amplitudes significantly higher than the other frequencies. Therefore it is also possible they are ℓ > 0 modes with only one frequency visible.
Tipped-axis interpretation
Another interpretation would be that the pulsation axis is aligned with the tidal force of the companion. As described by Reed, Brondel, & Kawaler (2005) , such a pulsation geometry would precess, completing a revolution every orbital period. The change in viewing pulsation geometry incorporates three additional pieces of information into the lightcurve which can be used to uniquely identify the pulsation degree ℓ and the absolute value of the azimuthal order |m|. These are: a pattern of peaks in the FT of the integrated lightcurve; two or more 180 o flips in pulsation phase over an orbital period; and recovery of the "true" peak in the FT of the phase-separated data. As in Reed et al. (2005) , we will not seek analytic solutions, but will use simulated data of precessing pulsation geometries to guide us. These simulations and any tipped-axis analysis make the assumption that spherical harmonics apply.
We begin by searching for patterns in the FT of the integrated data of KPD 1930. To guide our search, we produced simulated data for modes from ℓ = 0 through 4 for an orbital/rotation axis of ir = 70 o and a pulsation axis of ip = 85 o relative to the rotation axis. This geometry seems reasonable for what we know of the orbital inclination and with tidal forces larger than the maximum Coriolis force. Changes of five to ten degrees in either axis make little difference in the patterns. The simulated FTs are shown in Fig. 10 . The amplitudes are relative to the ℓ = 0 (radial) mode and along with the geometric cancellation factors of Table 8 indicate that high-degree modes are unlikely to be observed. The frequency patterns of Fig. 10 are what we are looking for in the observed data. Eighteen of the multiplets from Table 4 match patterns from simulated tipped-axis pulsations § . The next step is to divide the data into orbital regions of like and opposing pulsation phases (Reed et al 2005 show this procedure in detail) for the different modes. If the intrinsic frequencies predicted by the tipped-axis model are recovered, and their phases are opposite in appropriate data sets, this would be a reasonable indicator of a tipped pulsation axis. As can be seen in Fig. 10 , the intrinsic frequency for tipped modes ℓ m = 1, 1; 2, 0; 2, 2; 3, 1 and 3, 3 will have a corresponding frequency in the combined data. As such, recovering the peak in the divided data is less important but detecting a phase shift of 0.5 will be vitally important for associating those frequency patterns with tipped pulsation modes. Table 9 . Phase differences (A-B) for possible tipped pulsation frequencies. NLLS errors are in parentheses. Differences near ±0.5 indicate tippled-axis modes.
We separated the data for Groups I through V into orbital regions of like and opposing phases appropriate for modes ℓ, m = 1, 0 through 4, 4 and searched each Group not only for the frequencies predicted from the observed multiplets, but for any previously unobserved frequencies above the noise ¶ . The simplest data sets are those for ℓ = 1 as the orbit is divided into halves, with set A of ℓ, m = 1, 1 going from an orbital phase of 0.0 to 0.5 and set B covering the other half. Those for ℓ, m = 1, 0 are shifted by −0.25 in phase. Table 9 provides the results of the search. Column 1 provides a unique mode identifier (with a corresponding identifier from Table 4 in parentheses, if there was one), column 2 the frequency, column 3 indicates the mode the data was phase-separated for and the remaining columns give the phase difference (set A minus set B) for each group.
As anticipated considering the complexity of the data, the results are not straightforward. In the split data sets the aliasing is significantly worse and the pulsation amplitudes are very low. Evidence also suggests that amplitudes and phases are changing throughout the campaign.Most of the predicted frequencies are not detected. Those that are detected have amplitudes only marginally above the noise. But the strongest evidence will be consistent phase differences of one half in the various data sets. Frequency t10 (f 15) shows no phase shift between sets for all groups and so cannot be a tipped pulsation mode. Frequencies t11 and t14 have intermediate values, again indicating that they are likely not tipped pulsation modes, but rather that their phases are not stable over the course of the observations. Frequencies t2 and t12 are only detected in two of the five data sets, and while one phase difference is near one half, the other has an intermediate value. As t2 is also seen in the integrated lightcurve, but shouldn't be for an ℓ, m = 1, 0 mode, it is unlikely a tipped mode. Frequencies t5, t8, and t9 do fit what we expect for tipped pulsations. t9 is detected with a similar phase difference in all five groups, t8 has consistent phase differences for the three data sets in which it can be detected, and t5 has consistent phase differences in three of four detections. Additionally, t5 is not detected in the integrated data, as should be the case. More surprising are the results for t17 and t19, both of which are only detected in two of the five groups, but have phase differences near to one half. These modes are unlikely to be observed because the geometric cancellation factors are very high (73 and 282, respectively), meaning the intrinsic amplitudes would need to be much higher than the others. Monte Carlo simulations were produced with random phases between data sets. This could be appropriate for purely stochastic pulsations, but for driven pulsations, the phases should not be random at all, but rather close to a fixed number. As tipped pulsations have a phase shift of 0.5 which is very unexpected for driven pulsations, the significance of the simulations are somewhat startling. Our phase detections for t8 and t9 only occur in 0.1% of our simulations while those for t5 occur 1.0% of the time. Those for t17 and t19 occur 6.7 and 4.9% of the time, repectively.
Of the 18 frequency multiplets in the combined data sets, three possess indicators for tipped pulsation modes. Nine have no detections at all, two have phase differences near zero, and two more have marginally appropriate phase differences, but would indicate modes that are unlikely to be detected because of geometric cancellation. Still, particularly for t5, which is not observed in the integrated data, the phase difference is a precise indicator for tipped pulsation modes. The chance of this occurring randomly is quite small. 
Orbital dependence
While searching for tipped-axis pulsations, we stumbled upon the unexpected finding that some frequencies appeared to only occur for some stellar orientations . So we divided the data up into four, eight, and 10 subsets according to orbital phase and examined the pulsation spectra of each. We found that quadrants, centered around the orbital phases 0 (QI), 0.25 (QII), 0.5 (QIII), and 0.75 (QIV) sufficiently differentiated the orbital dependence of the frequencies. Temporal spectra of Group II's data, split into four quadrants are shown in Fig. 11 . The dashed lines indicate likely intrinsic frequencies while the dotted lines are more likely aliases, with the arrows indicating which frequency they are an alias of.
These can be seen in Fig. 5 of the supporting materials. It is obvious that there is an orbital dependence on some frequencies, particularly o3, which is clearly and only seen in QI. This most likely means that the pulsation geometry, as normally described by spherical harmonics, is more complex for these frequencies. Describing the pulsation geometry for such modes is beyond the scope of this paper, but we provide frequencies which have a detectable orbital dependence in Table 10 . Outside of the main area of power, there is little sign of this uniqueness other then f 57 (5459) has a slightly higher amplitude in quadrant φ = 0.25 and f 67 (6319) is higher in quadrants φ = 0 and 0.5. Undoubtedly the lack of other detections is caused by low amplitudes combined with severe aliasing.
RESULTS
We have analyzed WET data spanning 26 days in August and September 2003, supplemented by 45 hours of multisite data obtained in July 2002. These data were used to examine the orbital properties and pulsation spectrum of the sdB+WD binary KPD 1930. We used the ellipsoidal variation to affirm the orbital period and folded the data over that period. No signs of eclipse were detected, constraining the inclination to < 78.5
o . Additionally, we noted that the minima are uneven, indicating that KPD 1930 is very slightly asymmetric and marginally detect anticipated Doppler effects from possibly uneven maxima.
As implied from the discovery data (B00), we have found KPD 1930 to be an extremely complex pulsator with frequencies and amplitudes that can vary on a daily timescale. In these data, we confidently detect 68 pulsation frequencies and suggest a further 13. Of these, only 26 are related to frequencies observed by B00; a surprisingly small number that attests to KPD 1930's pulsational complexity. Our WET data, which cover more than three weeks during 2003, have over four times better temporal resolution and one half the detection limit of B00.
We examined amplitude and phase stability by analyzing subsets of data over several time scales for well-separated frequencies. Unfortunately the low amplitude of these frequencies hampered our investigation and we were unable to detect them in most of the subsets. For the times we could detect them, we found the pulsation amplitudes to be fairly variable, although all σA/ A ratios are short of the 0.52 used in solar-like oscillators to indicate stochastic oscillations (ChristensenDalsgaard et al. 2001) . The low ratio could be an artefact of only a few amplitude detections or caused by an amplitude decay timescale shorter then the re-excitation timescale. To investigate timescales we compared the observed amplitude ratios for several subsets with simulated stochastic oscillations. The simulations could easily fit the observed ratios and broadly found decay timescales near 12 hours and re-excitation timescales near 25 hours. As such, the pulsations do have some qualities normally associated with stochastic oscillations, however the phases are relatively stable which argues against stochastic oscillations. As such, it is possible that the amplitude variations have a different cause.
We have found 20 separate multiplets including up to 61 frequencies. Assuming the classical interpretation which aligns the pulsation axis with the rotation axis, these would indicate 12 ℓ = 1, four ℓ = 2, and/or possibly (but unlikely) four ℓ = 3, two ℓ = 4, and one ℓ = 5 modes. We also searched for indicators of a tidally-induced tipped pulsation axis which would precess with each orbit. While the complexities of the pulsations made searching for tipped modes difficult, three frequencies were found which indicated tipped modes and two further modes had some indications of tipped-modes, but were for ℓ = 3 and 4, which are unlikely to be observed. We also detected frequencies which only appeared during certain orbital phases, which indicates that some frequencies are affected by the slight asymmetry of the star. Figure 12 schematically shows these results with the arrow height indicating degree (except as noted below). Classically interpreted multiplet m = 0 components are shown as solid arrows (with multiple possible m = 0 frequencies connected by a horizontal line as in Fig. 10 and color-coded in the electronic version); modes from the tipped axis interpretation are shown as dashed arrows, with the m value above the arrow; frequencies which only appear during certain orbital phases are shown as dotted arrows (at an arbitrary height of 1.5 since we have no indication of their degree). Any frequencies that were not involved in the above cases were (somewhat arbitrarily) deemed to be ℓ = 0 modes and are indicated as such in the figure with solid arrows. Note that the classicallyinterpreted ℓ = 1 mode which could have its m = 0 component at 4453 or 4572 is marked with a question mark. This is part of the tipped l, m = 3, 2 multiplet and so if the tipped mode is correct, then the classical mode would be invalid. The small "3" and "2" under the axes are to indicate that there are three and two closely-spaced frequencies, all of which fit the conditions we ascribe to ℓ = 0 modes that would be unresolvable in the figure.
In the end, KPD 1930 is a star that incorporates a little bit of everything; many pulsation frequencies, multiplets, indications of a tidally-induced pulsation geometry, non-sphericity, relativistic Doppler effects, amplitude variations, and ellipsoidal variations, all wrapped up in a likely pre-Type Ia supernova binary. Unfortunately, all these effects complicate the analysis, making it a bit of an unruly mess. While we have tried to unravel it, our results indicate that even the WET fails to fully resolve the complexity of the pulsation spectrum and we can only imagine that perhaps MOST or Kepler-like data ⋆⋆ would be required to improve this situation. Unfortunately, the Kepler field just misses KPD 1930. KPD 1930 remains a fascinating star that warrants further attempts to understand its complexities.
SUPPORTING INFORMATION
• Figure S1 : Detailed prewhitening sequence of Group IV data between 3 600 and 4 250 µHz.
• Table S1 : Pulsation phases and amplitudes for frequencies separated by > 30µHz for individual runs, daily combined runs, and Groups of data.
• Figure S2 : Schemitic of frequency spacings commensurate with the orbital frequency.
• Figure S3 : Schematic associating pulsation frequencies with modes for traditionally-interpreted multiplets.
• Figure S4 : Schematic associating pulsation frequencies with possible tipped modes.
• Figure S5 : Pulsation spectra of Group II's data, separated into opposing phases appropriate for ℓ, m = 1, 0 and 1, 1 tipped pulsation axis modes.
ON-LINE ONLY MATERIAL
c 2008 RAS, MNRAS 000, 2-?? Figure 13 . Sequence of least-squares fitting and prewhitening of the Subset IV data set. The top two panels show the original FT with the top one showing the FT over a large range, and the second one enlarged to show just a 700 µHz region. The following three panels show the original FT fit and prewhitened by the highest amplitude 3, 6, and 11 peaks, respectively (indicated by the arrows). The region around 4 000 µHz cannot be successfully prewhitened. The insets in the top two panels are the window function plotted at the appropriate horizontal scales. Note that the vertical scale does not change between panels. Table 11 . Pulsation phases and amplitudes for frequencies separated by > 30µHz for individual runs, daily combined runs, and Groups of data. The last column provides the 4σ amplitude detection limit. The bottom two rows give combined standard deviations and the stochastic parameter for amplitudes. Formal least-squares errors are provided in parentheses. 
